Research in contextEvidence before this studyPubMed was used to search terms "galectin", "Galectin 3", "LGALS3", and CD74 alone and in combination with terms AML and leukemia. We also used cBioPortal to investigate gene expression of LGALS3 and CD74 network proteins in TCGA AML databases.Added value of this studyPrior to our study there was no proteomic study on LGALS3 or CD74 as prognostic factors alone or in the context of their active networks. This study determines prognostic potential for LGALS3, CD74, LGALS3 network, CD74 network, and combination of LGALS3/CD74 active networks in AML. The data identifies for the first time an at risk AML population based on the proteomic data.Implications of all the available evidenceThe data supports the use of new therapies to target LGALS3 and CD74 for the particular AML populations where these molecules impact survival.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Galectin 3 (LGALS3) is a beta-galactoside binding protein that participates in diverse cellular processes that support cell growth and cell survival \[[@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045]\]. There are at least fourteen known galectin family members of which ten are found in mammalian cells \[[@bb0005]\]. There are three families of galectins based on structure but LGALS3 is unique in that it is the only member of the chimeric group \[[@bb0005]\]. LGALS3 is the only galectin which can form pentamers and this enables the galectin to form lattices and thus participate in endocytotic processes \[[@bb0005]\]. LGALS3 is an excellent example of a molecule that acts as a tumor promoter in the context of the entire tumor microenvironment by promoting survival of malignant cells, supporting metastasis, suppressing immune surveillance, and modulating inflammatory expression of chemokines/cytokines \[[@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045]\]. LGALS3 supports cell survival by diverse mechanisms. The galectin has been shown to associate with BCL2 via a NWGR motif common to both proteins to help the anti-apoptotic molecule support mitochondrial integrity during stress challenge \[[@bb0035], [@bb0040], [@bb0045]\]. LGALS3 also supports cell proliferation via the WNT signaling pathway. LGALS3 can bind beta Catenin and Axin and also supports beta catenin protein stability by promoting Protein Kinase B (AKT) suppression of GSK3 beta \[[@bb0050], [@bb0055], [@bb0060]\]. LGALS3 is critical for RAS signaling and thus supports Mitogen Activated Protein Kinase (MAPK) and AKT cascades \[[@bb0005],[@bb0010],[@bb0060], [@bb0065], [@bb0070], [@bb0075], [@bb0080], [@bb0085]\]. LGALS3 positively regulates BCL2 and MCL-1 gene and protein expression in AML cells by supporting both ERK and AKT pathways \[[@bb0005],[@bb0010],[@bb0060], [@bb0065], [@bb0070], [@bb0075], [@bb0080], [@bb0085]\]. Suppression of LGALS3 by shRNA or with GCS-100 (an inhibitor of LGALS1 and LGALS3) blocks both AKT and ERK signaling pathways \[[@bb0075],[@bb0085]\].

LGALS3 regulated pathways are involved in expression of genes and protein associated with cancer stem cells (CSC) and thus the galectin likely supports CSC \[[@bb0045]\]. Recent data suggests that LGALS3 supports malignant cell survival in AML \[[@bb0030],[@bb0075],[@bb0090]\]. In a cohort of Taiwanese AML patients, Cheng and colleagues reported that elevated LGALS3 mRNA was prognostic for poor survival outcome \[[@bb0090]\]. However, in that study the impact of LGALS3 protein expression or associations of the galectin with potential LGALS3 target proteins was not examined.

CD74 (also known as the invariant chain protein) is best known as a chaperone for major histocompatibility (MHC) Class II molecules involved in antigen presentation \[[@bb0095],[@bb0100]\]. In addition to mediating MHC Class II molecule endocytosis, CD74 protects these molecules from proteolysis \[[@bb0095], [@bb0100], [@bb0105]\]. CD74 also has MHC Class II independent functions that involve the pro-inflammatory cytokine macrophage inhibitory factor (MIF) and cell surface signaling molecules CD44 and CXCR4 \[[@bb0095], [@bb0100], [@bb0105]\]. CD74 was found to bind MIF but CD74 alone is unable to initiate MIF signaling which requires either CD44 or CXCR4 \[[@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115]\]. CD74 dependent MIF signaling pathways include ERK, JNK, and AKT \[[@bb0120], [@bb0125], [@bb0130], [@bb0135]\]. CD74 dependent MIF signaling has been shown to suppress p53 function and to activate NF kappa B \[[@bb0130],[@bb0140]\]. Regulation of NF kappa B by the MIF/CD74 axis may be critical for sustaining mitochondrial integrity \[[@bb0140]\]. CD74 is highly expressed in lymphocytes and macrophages and has therefore been implicated as a target for CLL therapy \[[@bb0145],[@bb0150]\]. CD74 has been shown to play a role in AML microenvironment though via stromal cell derived CD74 \[[@bb0155]\]. Still, the role of CD74 in AML leukemic cells is unclear. A recent study by van Galen and colleagues using single cell analysis of gene expression in AML leukemic cell populations found that CD74, though not prominent in normal myeloid cells, was expressed at high levels in AML cells including primitive stem cells \[[@bb0160]\].

In the current study, we analyze the protein expression of LGALS3 and CD74 as well as 229 other proteins in AML blast cells derived from 231 patients using a powerful proteomic tool, Reverse Phase Protein Analysis (RPPA). The LGALS3 and CD74 interactomes, including novel associations revealed by the array was used to create networks for both these proteins. A particularly prognostic interaction with high activity within both the LGALS3 network and the CD74 network was revealed. Our findings suggest that LGALS3 network alone is prognostic for poor patient survival outcome and the network has a more potent negative impact on patient survival when the LGALS3 network interacts with the CD74 network. The data presented suggest strategies to target LGALS3 and/or CD74 may prove useful for the therapy of AML.

2. Materials and methods {#s0025}
========================

2.1. Patient samples {#s0030}
--------------------

Peripheral blood and bone marrow specimens were collected from 511 patients with newly diagnosed AML evaluated at The University of Texas M.D. Anderson Cancer Center (MDACC) between September 1999 and March 2007. Samples were acquired during routine diagnostic assessments in accordance with the regulations and protocols (Lab 01-473) approved by the Investigational Review Board of MDACC. Informed consent was obtained in accordance with the Declaration of Helsinki. Samples were analyzed under and Institutional Review Board--approved laboratory protocol (Lab 05--0654). Sample preparation was previously described \[[@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185]\]. Patient characteristics are listed in [Table 1](#t0005){ref-type="table"} and [Table 2](#t0010){ref-type="table"}.Table 1Patient demographics by category.Table 1Category VariablesTotalNormalHighp ValueNumber of cases20515451NAGender: Female46.3%48.1%41.2%0.394Gender: Male53.7%51.9%58.8%AHD ≥ 2 Mo: Yes31.2%31.2%31.4%0.95Prior Malignancy: Yes16.6%14.9%21.6%0.3Prior Chemo: Yes8.8%7.8%11.8%0.41Prior XRT: Yes8.3%5.8%15.7%0.027Infection: Yes27.8%26.0%33.3%0.35WHO Class: Not in other60.5%60.4%60.8%0.72WHO class: Multilineage Dysp15.6%14.3%19.6%WHO Class: therapy related8.3%9.1%5.9%WHO Class: AML w Char Gene Abnormality15.6%16.2%13.7%FAB: 05.9%7.1%2.0%\< 0.0001FAB: 112.7%16.2%2.0%FAB: 233.2%39.6%13.7%FAB: 428.3%24.0%41.2%FAB: 512.2%6.5%29.4%FAB: 62.0%1.3%3.9%FAB: 72.4%2.6%2.0%FAB: 82.9%2.6%3.9%FAB: 100.5%0.0%2.0%Cytogenetics: Favorable10.7%13.6%2.0%0.06Cytogenetics: Intermediate46.3%45.5%49.0%Cytogenetics: Unfavorable42.9%40.9%49.0%Response: CR57.6%55.8%62.7%0.31 for CR + PR vs resistant and excluding FailResponse: PR2.4%3.2%0.0%Response: Resistant30.2%32.5%23.5%Response: Fail9.8%8.4%13.7%Alive19.0%21.4%11.8%0.11Relapse: No42.4%48.8%25.0%0.036Relapse: Yes61.9%57.0%75.0%Table 2Patient demographics by continuous variables.Table 2Continuous variableNormalHighp ValueAge (years)Mean58.560.60.84WBCMean38.14450.5240.145791Absolute Blast CountMedian558781640.96BM BlastMean60.23255.4710.229959BM MonocyteMean3.14910.6270.000026PB BlastMean45.05032.930.008398PB MONOMean9.68419.1580.000212PB PROMMean0.7242.8040.077415HGBMean9.79911.2450.174850PLTMean72.20889.0590.209900LDHMean1808.0712075.0000.478537AlbuminMean3.3173.1750.193330BilirubinMean1.8900.6900.454687CreatinineMean1.0401.1510.227295FibrinogenMean414.974423.1960.775193CD13Mean76.72868.6780.074873CD33Mean83.44288.5470.167026CD34Mean52.77227.8980.000071CD7Mean17.10315.3350.691007CD10Mean4.5568.5020.115709CD20Mean3.8177.5650.207067HLA.DRMean77.48775.8450.715248CD19Mean8.59410.3860.588748

2.2. Pathway analysis {#s0035}
---------------------

String software (String 10.1; website: <http://string-db.org>) was used to determine protein associations \[[@bb0190]\].

2.3. RPPA method {#s0040}
----------------

Proteomic profiling was done on samples from patients with AML using RPPA. The method and validation of the technique are fully described in previous publications \[[@bb0170], [@bb0175], [@bb0180], [@bb0185]\]. Patient samples were printed in five serial dilutions onto slides along with normalization and expression controls. Slides were probed with strictly validated primary antibodies. Antibodies against 231 proteins were used for analysis (list provided in refs. \[[@bb0170], [@bb0185]\]). An IgG subtype specific secondary antibody was used to amplify the signal and finally a stable dye is precipitated. The stained slides were analyzed using the Microvigene software (Vigene Tech) to produce quantified data.

2.4. RPPA normalization and progeny cluster analysis {#s0045}
----------------------------------------------------

To determine relative protein expression patterns custom Reverse Phase Protein Arrays (RPPA) with peripheral blood or bone marrow samples from 511 Adult AML patients and 10 normal CD34+ bone marrow samples were created and probed with 231 validated antibodies. For RPPA, supercurve algorithms were used to generate a single value from the five serial dilutions \[[@bb0170], [@bb0175], [@bb0180], [@bb0185]\]. Loading control and topographical normalization procedures accounted for protein concentration and background staining variations. Analysis using unbiased clustering perturbation bootstrap clustering, and principle component analysis was then done as fully described in a previous publication \[[@bb0170]\]. For cluster analysis, methods were used as described in previous publications \[[@bb0170], [@bb0175], [@bb0180], [@bb0185]\]. As presented below, the range of expression was different depending on whether the samples were prepared from fresh vs. cryopreserved cells. Consequently, analysis was restricted to only the fresh samples. Proteins were divided into 31 Protein Functional Groups (ProFnGrp) based on known associations. A progeny clustering algorithm was used to determine the optimal number of protein clusters; recognizing groups of patients with correlated protein expression patterns. Principal component analysis (PCA) was done to map global differences and similarities between protein clusters and normal CD34+ samples. Protein networks were constructed using literature associations and correlation within the data set. Associations between clinical features, outcomes and signatures were determined. Hierarchical clustering was performed on a compilation of all protein clusters into one binary matrix to identify recurrent protein expression signatures that comprised similar combinations of protein constellations. From this we constructed a list of proteins that were over or under expressed in each signature \[[@bb0185]\]. A website containing "Leukemia Profile Atlases" is available at <https://www.leukemiaatlas.org/>.

*Expression analysis of genes associated with LGALS3 and CD74 network proteins in* de novo *AML* -- Gene expression data from the TCGA AML data set derived from the 2013 *New England Journal of Medicine* publication is available using cBioPortal software \[[@bb0195], [@bb0200], [@bb0205]\]. The mRNA z-Scores (RNA Seq V2 RSEM) compare expression distribution of genes of interest in tumors that are diploid for the specific gene. Queries for *LGALS3* were input using the TCGA AML 2013 *New England Journal of Medicine* dataset with a Z threshold of 2.0. Using Enrichment search for mRNA, comparison of *LGALS3* was compared to genes from its RPPA network as well as to *CD74* and genes from the Cd74 network. Significant differences in expression are identified by q-values derived from Benjamini-Hochberg procedure (see cBioPortal website; <http://www.cbioportal.org/>, refs. [@bb0200], [@bb0205]).

2.5. Protein expression and gene expression validation in LGALS3 AML cell lines {#s0050}
-------------------------------------------------------------------------------

OCI-AML3 cells were the kind gift from Mark Minden (Ontario Cancer Institute; Toronto, Canada). THP-1 was obtained from ATCC (Manassas, VA). LGALS3 knock down OCI-AML3 and THP-1 cell lines were previously described \[[@bb0075]\]. LGALS3 clone TRCN0000029308 targeting residues 606--626 on RefSeq [NM_002306.3](ncbi-n:NM_002306.3){#ir0025} was used. pLKO.1 control (plasmid 10879, Addgene, Cambridge, MA, USA) was used as negative control. Infected cells were selected with puromycin (Invivogen, San Diego, CA). Knockdown was verified by western blot analysis and real time PCR. For protein expression comparison in cell lines, immunoblot analysis was performed. Cells were boiled and sonicated in lysis buffer and protein (5 × 10^5^ cell equivalents) was subjected to electrophoresis using SDS/PAGE. Immunoblot analysis was performed with antibodies against LGALS3 (Cell Signaling Technology, Beverly, MA), PPP2R2A/B/C/D (Santa Cruz Biotechnology, Dallas, TX), ATG7 (Cell Signaling Technology, Beverly, MA), and Tubulin (Sigma Aldrich, St. Louis, MO). Signals were detected by using the Odyssey Infrared Imaging System and quantitated by Odyssey software version 3.0 (both LI-COR Biosciences, Lincoln, NE, USA). Tubulin was used as a loading control. Real-time PCR (qRT-PCR) was used to assess gene expression in the cell lines. qRT-PCR was performed using an QuantStudio 3 PCR System (Life Technologies). Triplicate 20 ul reactions containing the equivalent of 7.5 ng total RNA were run using TaqMan Gene Expression Assays (Life Technologies) as directed by the manufacturer. Assays included *ATG7* (Hs00197348_m1), *LGALS3* (Hs00173587_m1), *ITGAL* (Hs00158218_m1), *CCND3* (Hs00236949_m1), *PRKCA* (Hs00176973_m1), *PARP1* (Hs00242302_m1), *CD74* (Hs00269961_m1), *MYC* (Hs00153408_m1), *CD44* (Hs01075862_m1), *SSBP2* (Hs01044454_m1), *PPP2R2A* (Hs00953658_m1), *CLPP* (Hs00195655_m1) and *B2M* (Hs00187842_m1). *ABL1* (Hs01104728_m1) was used as an endogenous control. QuantStudio Design and Analysis software (Life Technologies) was used to analyze the data.

2.6. Statistical analysis {#s0055}
-------------------------

For outcomes analysis patients were divided into two groups based on whether LGALS3 expression was within the range of the normal CD34+ cells, or was above normal. Comparison of the protein levels between paired samples was done by performing paired *t*-test. Association between protein expression levels and categorical clinical variables were assessed in R using standard *t*-tests, linear regression, or mixed effects linear models. Association between continuous variable and protein levels were assessed by using the Pearson and Spearman correlation and linear regression. Bonferroni corrections were done to account for multiple statistical parameters for calculating statistical significance. The Kaplan-Meir method was used to generate the survival curves. Univariate and multivariate Cox proportional hazard modeling was done to investigate association with survival with protein levels as categorized variables using the Statistica version 13.1 software (StatSoft, Tulsa OK). Although the mutational status of some molecular markers (NPM1, FLT3-ITD, DNMT3A and RAS mutations) are known for this dataset other more recently discovered prognostic markers (e.g., ASXL1, TET2, CEBPα, Wilms Tumor 1) are not; therefore, the multivariate analysis did not contain all known AML prognostic markers. Overall survival (OS) was determined based on the outcome of 205 newly diagnosed AML patients treated at UTMDACC and remission duration was based on the 118 patients that achieved remission.

3. Results {#s0060}
==========

3.1. LGALS3 levels are elevated in some AML patient cell samples compared to normal CD34+ cells and are highest in monocytic leukemia patient {#s0065}
---------------------------------------------------------------------------------------------------------------------------------------------

Levels of LGALS3 protein were significantly (*p* = 0.001) higher in the blast cells from the AML patients compared to normal CD34+ cells as shown in the histogram in [Fig. 1](#f0005){ref-type="fig"}A with 24.8% above the upper limit of the normal range ([Fig. 1](#f0005){ref-type="fig"}A). As mentioned above in "Materials and Methods", expression was different between protein made from fresh cells compared to that made from cryopreserved cells, but did not differ between blood and bone marrow blasts ([Fig. 1](#f0005){ref-type="fig"}A). Consequently the remainder of the analysis was restricted to only the 231 fresh samples, of which 205 were treated and evaluable for outcome.Fig. 1LGALS3 is elevated in a population of AML patients particularly those with monocytic AML. A) The range of LGALS3 protein expression in AML blast cells from 511 cases compared to normal counterpart CD34+ cells from 21 donors is shown stratified by time of protein preparation (Fresh on the day of collection or later from viably Cryopreserved cells). LGALS3 levels were significantly higher in cryopreserved cells compared to freshly prepared protein. Therefore, only data from the fresh samples was used for the rest of the analysis. Expression of LGALS3 in the fresh samples was compared in AML samples grouped by FAB class (B) or cytogenetic category (C).Fig. 1

The basic demographics of the normal range and high expression patients are shown in [Tables 1](#t0005){ref-type="table"} and [2](#t0010){ref-type="table"}. Patients with higher LGALS3 did not differ in gender, age, history of an antecedent hematological disorder, or World Health Organization classification ([Table 1](#t0005){ref-type="table"}). Differences in LGALS3 expression varied substantially between French-American-British (FAB) AML sub-types determined by class with above normal expression most common among those with monocyte containing subtypes (M4 and M5, 70.6% vs 30.5%) and least common among those with early myeloid subtypes (M0, M1 and M2, 17.7% vs. 62.9%) ([Table 1](#t0005){ref-type="table"}; [Fig. 1](#f0005){ref-type="fig"}B; *p* \< 0.00001). Higher LGALS3 levels were also associated with significantly higher percentages of monocytes in the bone marrow and peripheral blood, and therefore with a lower percentage of blasts in the peripheral blood, however the absolute blast count did not differ based on LGALS3 expression level ([Table 2](#t0010){ref-type="table"}). There was no statistical difference in LGALS3 expression between AML populations based on cytogenetic category although only 1 of 21 favorable cytogenetic cases had above normal LGALS3 expression ([Fig. 1](#f0005){ref-type="fig"}C; *p* = 0.42). There were no differences in expression of LGALS3 among patients with other mutations that were surveyed (i.e. NPM1, FLT3, RAS, DNMT3A, IDH1 or IDH2; data not shown).

As shown in [Table 1](#t0005){ref-type="table"}, patients with above normal LGALS3 were slightly more likely to achieve remission (62.7% vs. 55.8%, *p* = 0.31). Elevated expression had no impact on OS ([Fig. 2](#f0010){ref-type="fig"}A). However, compared to those with normal range LGALS3, patients with higher than normal LGALS3 were significantly more likely to relapse (75% vs 57%, *p* = 0.036; [Table 1](#t0005){ref-type="table"}) and had significantly shorter remission duration (21.9 vs. 51.3 weeks, *p* = 0.016; [Fig. 2](#f0010){ref-type="fig"}B). The higher relapse rate and shorter remission duration combined to make those with high LGALS3 have an inferior OS (median 44.4 vs 114.6 weeks, *p* = 0.015) among patients that achieved remission ([Fig. 2](#f0010){ref-type="fig"}C). LGALS3 level had no effect on OS among those that were resistant (*p* = 0.76; data not shown), or on survival after relapse (*p* = 0.66; [Fig. 2](#f0010){ref-type="fig"}D) suggesting that it did not affect the response to salvage therapy. Overall there was trend for a lower percentage of above normal LGALS3 patients to be alive at 8 years follow-up (11.8% vs 21.4%, *p* = 0.11; [Table 1](#t0005){ref-type="table"}).Fig. 2LGALS3 expression is prognostic for poor survival outcome in some AML populations. Kaplan Meir curves for overall survival (A) and remission duration (B) in the total AML patients studied are presented. Kaplan Meir curvrves for overall survival among the AML patient population that achieved complete remission (C) and for survival after relapse (D) are also included.Fig. 2

3.2. LGALS3 levels correlate with a variety of signaling molecules in blast cells from AML patients {#s0070}
---------------------------------------------------------------------------------------------------

RPPA was used to examine correlations of LGALS3 with 230 other proteins. As shown in [Fig. 3](#f0015){ref-type="fig"}A, 68 of 231 proteins showed statistically significant (*p* \< 0.0001, *R* \> 0.25) correlation with LGALS3, with positive correlation for 27 total and 10 phospho-proteins and negative correlation for 24 total and 7 phospho-proteins. The strongest positive correlation was with the autophagy protein ATG7. The phospho-proteins positively correlated with LGALS3 included survival kinases such as p-ERK (pY202/pY204), p-AKT (pT308), three phospho-protein variants of PKC delta (i.e. pT507, pS645, and pS664), and p-PKC alpha (pS657) ([Fig. 3](#f0015){ref-type="fig"}). LGALS3 expression also positively correlated with phosphorylation of the tyrosine kinase SRC (i.e. pY416 and pY527). The most negatively correlated protein was Single Stranded DNA Binding Protein 2 (SSBP2) ([Fig. 3](#f0015){ref-type="fig"}). Among the other proteins negatively correlated with LGALS3 was the members of the PP2A B55 family (PPP2R2A, PPP2R2B, PPP2R2C, and PPP2R2D).Fig. 3LGALS3 expression is correlated with a distinct set of proteins in AML. Pearson correlation (*R* \> 0.25, *P* \< 0.0001) of LGALS3 with other proteins measured identifies a distinct set of positively and negatively associated proteins in the AML RPPA set (A).Fig. 3

Protein network analysis was performed on the set of proteins associated with LGALS3 using String software (String 10.1; website: <http://string-db.org>; ref. [@bb0190]). The network of LGALS3 proteins identified by RPPA are highly associated with a protein:protein enrichment *p* value \<1.0e−16 ([Fig. 4](#f0020){ref-type="fig"}) by String. Numerous biological pathways (*N* = 588) and KEGG pathways (*N* = 86) associated with LGALS3 network were identified using the String software. Data are presented in Supplemental Table 1 and Supplemental Table 2, respectively. The top three biological pathways identified are protein phosphorylation (GO.0006468), cell surface receptor signaling pathway (GO.0007166), and regulation of cellular protein metabolic process (GO.0032268). The top KEGG pathway identified was PI3K-Akt signaling pathway (ID:4151) and proteins associated with AML (ID:5221) was 6th (Supplemental Table 2). ErbB signaling pathway (ID:4012) was 14th on the KEGG list. Though ErbB signaling is not generally considered in AML, ErbB is shown to be expressed in many of the AML samples in our cohort (data not shown) and thus this pathway may be worth study in AML.Fig. 4String analysis reveals LGALS3 correlated proteins are highly interconnected in AML. String analysis of RPPA identified proteins in [Fig. 3](#f0015){ref-type="fig"} reveals a high degree of protein:protein interaction (PPI) among the members of the LGALS3 network.Fig. 4

3.3. Suppression of LGALS3 in monocytic AML THP-1 cells induces expression of PP2A B subunit PPP2R2A {#s0075}
----------------------------------------------------------------------------------------------------

To assess whether LGALS3 acts directly on the various LGALS3 correlated proteins identified by RPPA, we utilized THP-1 transductant cells that express control shRNA (LKO) or LGALS3 shRNA that we have previously described \[[@bb0075]\]. At least in THP-1 cells, in most cases LGALS3 did not regulate protein expression of many of the LGALS3 associated proteins including ATG7, ITGAL, SSBP2, or ERG ([Fig. 5](#f0025){ref-type="fig"}; data not shown). At present, it is not clear whether these proteins act to regulate LGALS3 expression or if LGALS3 shares common regulators with these proteins. However, one exception was the PP2A B subunit family PPP2R2A/B/C/D. Suppression of LGALS3 resulted in near 2× fold increase in expression of the PP2A B subunits ([Fig. 5](#f0025){ref-type="fig"}) which is consistent with the negative correlation found between the proteins by RPPA ([Fig. 3](#f0015){ref-type="fig"}).Fig. 5Suppression of LGALS3 by shRNA in THP-1 induces PPP2R2A/B/C/D expression but not ATG7. Protein lysates from control THP-1 (LKO) or THP-1 expressing LGALS3 shRNA were subject to electrophoresis and immunblot analysis performed. Antibodies against Tubulin, LGALS3, PPP2R2A/B/C/D, and ATG7 were used. Densitometry using LiCor software was performed and ratio of protein relative to Tubulin assessed relative to LKO THP-1 are listed.Fig. 5

3.4. Gene expression may drive association of LGALS3 with a number of proteins identified by RPPA as part of the LGALS3 network {#s0080}
-------------------------------------------------------------------------------------------------------------------------------

To determine if correlations of LGALS3 network proteins with LGALS3 were similarly correlated with gene expression, we utilized cBioPortal software (<http://www.cbioportal.org/>) to query the TCGA AML database that derived from the 2013 *New England Journal of Medicine* publication \[[@bb0195]\]. Of the top nine unmodified proteins that were positively correlated with LGALS3 protein expression, expression of genes for eight proteins (ATG7, ITGAL, MAP2K1, MAPK1, JMJD6, CCND3, VASP, and PRKCA) were significantly higher (q value \<0.05) in AML cells with elevated *LGALS3* expression in the TCGA database ([Fig. 6](#f0030){ref-type="fig"}; [Table 3](#t0015){ref-type="table"}).Expression of *LCK* was not correlated with *LGALS3* (q value = 0.282; [Table 3](#t0015){ref-type="table"}). Of the top nine unmodified proteins that were negatively correlated with LGALS3 protein expression, expression of genes for seven proteins (SSBP2, ERG, KIT, PPP2R2A, PARP1, MYC, and TRIM24) were significantly lower (q value \<0.05) in AML cells with elevated *LGALS3* expression ([Fig. 6](#f0030){ref-type="fig"}; [Table 3](#t0015){ref-type="table"}). Expression of *SMAD1* trended lower in cells with elevated *LGALS3* (q value = 0.0726; [Table 3](#t0015){ref-type="table"}). Expression of *NR4A1* was actually higher in cells with elevated *LGALS3* (q value = 0.0399; Table 3). At present, it is not clear if LGALS3 regulates gene expression of any of these genes, whether any of the network proteins may serve as a regulator of LGALS3 gene expression, or whether there is a yet unidentified common regulator to the genes in the LGALS3 RPPA network. To determine if LGALS3 may be involved in regulation of the gene expression of the proteins most positively correlated with LGALS3 expression, we utilized THP-1 cells that expressed control lentiviral plasmid (LKO) and THP-1 cells that expressed *LGALS3* shRNA. qRT-PCR analysis of cDNA generated from RNA from these cells revealed that there was 90% reduction of *LGALS3* expression by the shRNA ([Fig. 7](#f0035){ref-type="fig"}). However, suppression of LGALS3 did not result in a major alteration of expression of *ATG7*, *ITGAL*, *CCND3*, *PRKCA*, *PARP1*, *MYC*, *SSBP2*, *or PPP2R2A* (Fig. 7). At least in THP-1 cells, LGALS3 is not a direct regulator of any of these genes.Fig. 6*LGALS3* expression positively correlates with *ATG7* and *ITGAL* and negatively correlates with *SSBP2* and *ERG* in AML. CBioportal software was used to compare RNASeq measured gene expression of *LGALS3* with *ATG7, ITGAL, SSBP2, ERG*, and other genes (listed in [Table 3](#t0015){ref-type="table"}) in AML samples in the TCGA dataset from ref. \[[@bb0195]\].Fig. 6Table 3Correlation of expression of LGALS3 network genes with *LGALS3* in AML utilizing the RNASeq data in ref. \[[@bb0195]\]. The mRNA levels were measured by RNA Seq and the statistics used were q values derived from Benjamini-Hochberg procedure using CBioPortal software (described in refs. \[[@bb0200], [@bb0205]\]).Table 3Genes from Positive Correlation Groupq value relative to LGALS3 expressionSignificant*ATG7*5.716 e−5Yes*ITGAL*4.338 e−3Yes*JMJD6*0.0202Yes*MAPK1*0.0232Yes*CCND3*5.289 e−4Yes*VASP*6.601 e−5Yes*PRKCA*3.085 e−5Yes*LCK*0.282NoGenes from Negative Correlation Groupq value relative to LGALS3 expressionSignificant*SSBP2*9.399 e−3Yes*ERG*0.0147Yes*PPP2R2A*1.30 e−4Yes*KIT*1.190 e−3Yes*MYC*8.643 e−3Yes*TRIM24*0.0245Yes*PARP1*1.305 e−4Yes*NR4A1*0.0399Yes (but level is higher)*SMAD1*0.0726NoGenes from CD74 networkq value relative to LGALS3 expressionSignificant*CD74*0.192No*CD44*0.0390YesFig. 7Suppression of *LGALS3* does not alter gene expression of LGALS3 network protein genes or CD74 in THP-1 cells. RNA from THP-1 transductant cells with either LKO vector control shRNA or *LGALS3* shRNA was isolated, cDNA produced, and mRNA levels of *ATG7, LGALS3, ITGAL, CCND3, PRKCA, PARP1, CD74, MYC, CD44, SSBP2, PPP2R2A, CLPP,* and *B2M* were determined by qRT-PCR and levels normalized to ABL-1 as described in "[Materials and methods](#s0025){ref-type="sec"}".Fig. 7

*"Active" LGALS3 levels are associated with poor survival characteristics.* Protein clusters in AML have been identified using RPPA profiles and bioinformatics data that groups these clusters by function, phenotype, and other parameters \[[@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185]\]. Since LGALS3 function varies depending on cellular location as well as the availability of potential targets, a more accurate assessment of LGALS3 contribution to survival will likely rely on "activity" of the galectin. The correlation studies identify a distinct set of proteins that are associated with LGALS3 ([Fig. 3](#f0015){ref-type="fig"}). Protein clustering analysis was performed as described in "Materials and Methods". LGALS3 cluster was compared with a number of different protein clusters built using the RPPA data on this AML patient cohort \[[@bb0185]\]. Of the protein clusters analyzed, a relationship was found between LGALS3 cluster and a cluster involving the CD74 protein ([Fig. 8](#f0040){ref-type="fig"}). As shown in Fig. 8, clusters with LGALS3 active alone, or where LGALS3 and CD74 are both active, display elevated levels of LGALS3 with concomitant elevated expression of the LGALS3 positively correlated proteins and reduced expression of the LGALS3 negatively correlated proteins which were identified by RPPA and listed in [Fig. 3](#f0015){ref-type="fig"}. As shown in [Fig. 8](#f0040){ref-type="fig"}, in the cohort with active LGALS3 and CD74 active, expression of CD74 itself and some of the components in the CD74 network including CLPP, CD44, and Osteopontin (SPP1) are highly expressed compared to the normal state AML cohort. As shown in [Fig. 9](#f0045){ref-type="fig"}A, there is a difference in OS and remission duration between patients with normal state protein clustering and patients with "active" LGALS3. Compared to normal state patients, patients with "active" LGALS3 had shorter OS (36.6 versus 48.6 weeks, respectively; [Fig. 9](#f0045){ref-type="fig"}A) and shorter remission duration (20.4 versus 80.7 weeks, respectively; [Fig. 9](#f0045){ref-type="fig"}B). Patients with active CD74 network alone had a similar survival experience ([Fig. 9](#f0045){ref-type="fig"}A) but did exhibit a slightly shorter remission duration compared to the normal-like state patients (54.7 versus 80.7 weeks, respectively; [Fig. 9](#f0045){ref-type="fig"}B). For patients where both LGALS3 and CD74 are "active", these patients display a very poor overall survival with no patients surviving beyond one year (24.3 versus 48.6 weeks for normal state patients; [Fig. 9](#f0045){ref-type="fig"}A). A similar adverse effect of "active" LGALS3 and "active" LGALS3 and CD74 was observed on remission duration ([Fig. 9](#f0045){ref-type="fig"}B). Patients with "active LGALS3 had shorter remission duration with a much lower percentage survival compared to patients with normal state protein clusters (17.6 versus 80.7 weeks, respectively; Figure 9B). AML patients with "active" LGALS3 and "active" CD74 displayed a very short remission duration with no patients remaining in remission beyond six months. These data suggest an active LGALS3 network influences AML patient survival especially if CD74 network is also active.Fig. 8Progeny clustering identified an optimal number of 4 distinct protein clusters for this ProFnGrp. Protein networks were generated and showed interactions between "core-proteins" (large nodes) and other probed proteins (small nodes) from the data set. Clustering method has been described in our previous publication (ref. \[[@bb0185]\]) and further information on these protein networks can be found on our website "Leukemia Profile Atlases", available at <https://www.leukemiaatlas.org/>. Progeny clustering identified one protein cluster with expression similar to that of the normal CD34+ samples which was designated as "normal-state" while three "leukemia-specific" protein patterns characterized by high expression individually of CD74, LGAL3, and a fourth state with both on.Fig. 8Fig. 9Active LGALS3 and CD74 networks are associated with poor survival in AML patients. Kaplan Meir curves of AML patient populations defined by groups in [Fig. 4](#f0020){ref-type="fig"} measuring overall survival (A) and remission duration (B).Fig. 9

3.5. CD74 protein expression in AML blast cells correlate with regulators of cell survival {#s0085}
------------------------------------------------------------------------------------------

With the AML patient samples used for LGALS3 analysis, protein expression levels of CD74 in fresh and cryo frozen AML blast cells were compared to normal CD34+ cells by RPPA. Levels of CD74 protein were higher in 24.6% of the fresh blast cells from the AML patients compared to normal CD34+ cells as shown in the histogram in [Fig. 10](#f0050){ref-type="fig"}A. Next we determined correlation of CD74 with the other 230 proteins in our RPPA panel. Pearson correlation of proteins associated with CD74 identified 12 proteins negatively correlated with CD74 and 16 proteins that are positively correlated with CD74 ([Fig. 10](#f0050){ref-type="fig"}B). The strongest proteins correlated with CD74 are SPP1, CLPP, and CD44 ([Fig. 10](#f0050){ref-type="fig"}B). CD44 association is consistent with CD74 regulatory role of CD44 signaling \[[@bb0095], [@bb0100], [@bb0105],[@bb0210],[@bb0215]\]. Association of CD74 with the mitochondrial protease CLPP is unknown. CLPP however is emerging as an important survival molecule in AML \[[@bb0220]\]. Also positively correlated with CD74 is Exportin 1(XPO1 also known as CRM1) which has been shown to have an adverse prognostic impact arising from its pro-survival functions in AML cells \[[@bb0225]\]. The proteins with the strongest negative correlation with CD74 are cleaved Caspase 9 and MDM2.Fig. 10CD74 is elevated in AML patients associated with a distinct set of proteins in AML. A) The range of CD74 protein expression in AML blast cells from 511 cases compared to normal counterpart CD34+ cells from 21 donors is shown stratified by time of protein preparation (Fresh on the day of collection or later from viably Cryopreserved cells). Like LGALS3, CD74 levels were significantly higher in cryopreserved cells compared to freshly prepared protein. Like LGALS3, only data from the fresh samples was used for the rest of the analysis. (B)Pearson correlation of CD74 with other proteins measured identifies a distinct set of associated proteins in the AML RPPA set.Fig. 10

String analysis was performed on the network of proteins associated with CD74 by RPPA and this network was also highly associated with a protein:protein enrichment *p* value \<1.0e-16 ([Fig. 11](#f0055){ref-type="fig"}). Many biological pathways (*N* = 535) and KEGG pathways (*N* = 83) were associated with CD74 network using String software (data are presented in Supplemental Table 3 and Supplemental Table 4, respectively). Many of the biological pathways identified are associated with immune regulation with four of the top ten including regulation of immune response (GO.0050776; 2nd on list), immune response-regulating signaling pathway (GO.0002764; 6th on list), innate immune response (GO.0045087; 7th on list), and immune response-reg. cell surface receptor sig. pathway (GO.0002768; listed 10th on list).Fig. 11String analysis reveals CD74 correlated proteins are highly interconnected in AML. String analysis of RPPA identified proteins in [Fig. 10](#f0050){ref-type="fig"}B reveals a high degree of protein:protein interaction (PPI) among the members of the CD74 network.Fig. 11

The top KEGG pathway identified was Pathways in cancer (5200), with MicroRNAs in cancer (5206) listed 4th, and PI3K-Akt signaling pathway (4151) listed 5th.

4. Discussion {#s0090}
=============

The current study represents the first proteomic analysis of LGALS3 and its potential network partners in AML. The previous study of LGALS3 mRNA expression from the Taiwan group suggested important prognostic potential of LGALS3 for poor survival outcome, but that study did not include other proteins that could potentially interact with LGALS3 in various biologic pathways \[[@bb0090]\]. LGALS3 is elevated in AML cells versus normal counterpart cells and is highest in monocytic AML cells ([Fig. 1](#f0005){ref-type="fig"}A and B). Measured alone, LGALS3 protein expression was important for OS in patients that achieved remission ([Fig. 2](#f0010){ref-type="fig"}A). These results are consistent with the RNA data reported by Cheng and colleagues \[[@bb0090]\]. The strong association between LGALS3 level and higher relapse rates and shorter remission duration, combined with the lack of an association between LGALS3 level and the rate of initial remission attainment, or the response to reinduction therapy, suggests a biologically unique effect for this protein. LGALS3 levels do not appear to affect chemosensitivity, but since high levels are associated with relapse, this suggests that the protein is functioning to promote leukemic cell recovery and regrowth after therapy. This suggests that anti-LGALS3 therapy might have more utility as a maintenance strategy in remission as opposed to being useful for reversing chemoresistance during induction and consolidation therapy. Maintenance therapy is generally not considered useful in AML, but this data suggests a maintenance therapy approach worth evaluating in the quarter of AML patients with high LGALS3 levels.

RPPA identified a distinct set of proteins associated with LGALS3 expression in the AML patients ([Fig. 3](#f0015){ref-type="fig"}). LGALS3 is associated with active AKT and MAPK signaling. The protein with the strongest positive correlation with LGALS3 is with ATG7, an autophagy protein that has recently been implicated in maintaining hematopoietic stem cells and serving as a survival factor in AML \[[@bb0230],[@bb0235]\]. Recent studies implicate LGALS3 in regulation of autophagy via autophagasome formation, though whether the mechanism involves ATG7 is not clear \[[@bb0240]\]. Interestingly, phosphorylated PKC delta was positively correlated with LGALS3. PKC delta is viewed as a pro-stress kinase but recent studies suggest that the enzyme has pro-survival properties \[[@bb0245], [@bb0250], [@bb0255]\]. Kinehara and colleagues suggest that PKC delta may act in human pluripotent stem cells as part of a mechanism to regulate stem cell renewal \[[@bb0260]\]. The data also suggest a novel relationship between LGALS3 and PP2A. The negative correlation of LGALS3 expression with PPP2R2A/B/C/D could reflect LGALS3 suppression of PP2A. The PP2A isoform containing PPP2R2A dephosphorylates both AKT and PKC alpha \[[@bb0265]\]. Thus, potential suppression of the PP2A subunit by LGALS3 could account for elevated AKT and PKC alpha phosphorylation in samples where LGALS3 expression is elevated. Induction of PPP2R2A protein ([Fig. 5](#f0025){ref-type="fig"}) but not gene expression ([Fig. 7](#f0035){ref-type="fig"}) in THP-1 cells expressing *LGALS3* shRNA suggests that LGALS3 acts directly on the PP2A subunits via a post-transcriptional mechanism in these cells. The TCGA data ([Table 3](#t0015){ref-type="table"}) however suggests that there is a positive correlation between gene expression of LGALS3 and PPP2R2A suggesting that a common pathway may regulate the two genes.

PPP2RA/B/C/D was the only LGALS3 network protein demonstrated to be directly regulated by LGALS3 in the THP-1 cells ([Fig. 5](#f0025){ref-type="fig"}). In our previous study we saw potent suppression of AKT signaling by LGALS3 inhibition, so perhaps the mechanism involves LGALS3 suppression of the AKT phosphatase \[[@bb0075]\]. However, we did not see suppression of LGALS3 affect other network proteins in the THP-1 cells (data not shown). The role of other galectins such as LGALS1 in AML biology is not clear. LGALS1 may substitute for some LGALS3 functions particularly those involved in survival pathways as knock down of either LGALS1 or LGALS3 sensitized AML cells to BH3 mimetic drugs \[[@bb0075]\]. The failure of *LGALS3* suppression to affect many of the RPPA identified proteins with the exception of PPP2R2A/B/C/D ([Fig. 5](#f0025){ref-type="fig"}) may reflect LGALS1 activity in these cells that may not be present in the primary AML cells. It is possible that many of the LGALS3 network proteins act to regulate LGALS3 rather than being regulated by the galectin. It is also possible that LGALS3 and some of the LGALS3 network proteins are subject to regulation by a yet unidentified common regulator(s). Further examination of the mechanism regulating the LGALS3 network is ongoing.

Network analysis from the data identifies a new extremely poor prognosis group based on the interaction between the LGALS3 and CD74 associated protein networks revealing potential biological pathways that may be critical in supporting AML cell survival. AML patients with both networks active are 8.5% of patients in the study ([Fig. 9](#f0045){ref-type="fig"}A) and thus this group may represent a sizeable population of AML patients. It is possible the two proteins regulate independent survival pathways that may have a synergistic effect on survival when both are active. The top ten biological processes associated with LGALS3 network include processes associated with cell metabolism (GO:0031325; GO:0032268; and GO:0032270), cell migration (GO:0030355), and response to growth factor stimulus (GO:0071363) and response to chemical stimulus (GO:0070887) (Supplemental Table 1). While it is unclear how LGALS3 might mechanistically influence leukemic cell recovery and growth after therapy, perhaps regulation of these cellular processes are important in addition to the well documented role of LGALS3 in regulation of cell cycle and cell proliferation \[[@bb0005],[@bb0010],[@bb0065],[@bb0070]\]. Many of the CD74 network associated biological processes involved immune regulation (Supplemental Table 3) though it is unclear if CD74 network regulates potential immune response in AML. Many of the CD74 network associated biological processes did include those involved in regulation of cell death and apoptosis (Supplemental Table 3). Of the 31 proteins correlated with CD74 expression, 19 are associated with the biological pathway regulation of cell death (GO.0010941) and 16 are associated with the biological pathway negative regulation of apoptotic process (GO.0043066). The raises the question of what the cross-talk is between the LGALS3 and CD74 networks? Gene expression analysis of *CD74*, *CD44*, and *CLPP* in the THP-1 LKO cells versus THP-1 cells with LGALS3 shRNA showed no or only slight changes in these genes ([Fig. 7](#f0035){ref-type="fig"}). Protein expression of CD74, CD44, and CLPP were similar in THP-1 LKO and THP-1 LGALS3 shRNA cells (data not shown). While LGALS3 supports AKT activation via RAS, CD74 would be expected to support AKT via MIF mediated signaling involving CD44 and/or CXCR4 \[[@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120], [@bb0125], [@bb0130], [@bb0135]\]. Though the functional roles of LGALS3 and CD74 in this process are very different, each network would contribute to activation and perhaps may explain why patients with both active networks do so poorly ([Fig. 9](#f0045){ref-type="fig"}A and B). Unfortunately, CXCR4 is not represented in the RPPA panel due to lack of validated antibody. However, CD44 is present and interestingly is most elevated in patients with active LGALS3 network and CD74 network ([Fig. 8](#f0040){ref-type="fig"}). LGALS3 has been shown to be critical for CD44 endocytosis so LGALS3 would be expected to promote CD44 surface expression \[[@bb0270]\]. In AML cells with LGALS3 supported CD44 surface expression, CD74 would be predicted to augment signaling mediated by CD44.

LGALS3 is well known as an immune regulatory molecule that suppresses host anti-tumor immune surveillance by diverse mechanisms \[[@bb0005],[@bb0010],[@bb0275]\]. LGALS3 blocks or at least dampens immune cell function by reducing surface expression of glycosylated T cell receptor in T cells and preventing NK cell receptor binding to antigen \[[@bb0005],[@bb0010]\]. LGALS3 has emerged as a critical component in MSC in AML patients to impact response to therapy \[[@bb0280]\]. It is likely that LGALS3 secreted from MSC and other support cells in the AML microenvironment negatively impacts immune surveillance in AML patients. It is yet to be determined if LGALS3 derived from the leukemia cells plays a role as an immune response inhibitor in AML.

LGALS9 is emerging as an important immune checkpoint inhibitor molecule as a TIM-3 binding partner \[[@bb0010],[@bb0285]\]. LGALS9 also regulates T cell function as a CD44 binding partner \[[@bb0290]\]. Whereas LGALS3 binding to CD44 promotes metastasis, LGALS9 binding to CD44 suppresses this process \[[@bb0295],[@bb0300]\]. Future RPPA studies to determine the role of LGALS9 and galectins other than LGALS3 are warranted.

For the first time, an at risk AML population has been found that is associated with active LGALS3 and active CD74 networks ([Fig. 9](#f0045){ref-type="fig"}A and B). At present, it is unclear which if any proteins within the LGALS3 or CD74 networks is driving this phenomenon. CD44, SPP1, and CLPP are highly induced in the patient cohort with both networks active compared to patients with normal-like state ([Fig. 8](#f0040){ref-type="fig"}). CD44 would be assumed to be working via the CD74/CD44 axis \[[@bb0095], [@bb0100], [@bb0105]\]. SPP1 has recently been shown to be an important component in maintaining the tumor microenvironment in AML \[[@bb0305]\]. SPP1 is known to interact with various integrins and LGALS3 is a regulator of integrin function so perhaps integrin-mediated signaling is involved \[[@bb0005],[@bb0010],[@bb0310]\].

In summary, RPPA has revealed that LGALS3 is frequently elevated in AML patients especially those with monocytic leukemia. LGALS3 is prognostic as a single factor and in an active network is prognostic for shorter remission duration. A novel association of LGALS3 with CD74 has been found and AML patients with active LGALS3 and CD74 networks do extremely poorly. These results suggest that therapeutic strategies to target LGALS and/or CD74 should be modeled and studied in the laboratory. Therapeutic antibodies against CD74 such as Milatuzumab have been used in the clinic for various lymphoid leukemias, lymphoma, and multiple myeloma \[[@bb0145],[@bb0150],[@bb0315]\]. Targeting of LGALS3 by GCS-100 has been studied pre-clinically in many cancers including MM, AML, and K-RAS addicted solid tumor \[[@bb0075], [@bb0080], [@bb0085]\]. Specific LGALS3 inhibitory molecule GR-MD-02 is in the clinic for fibrosis \[[@bb0320]\]. An arsenal of agents to target CD74 and LGALS3 are available.

In summary, we have found that LGALS3 protein expression is prognostic for poor survival outcome which is consistent with RNA data from a previous study \[[@bb0090]\]. We have for the first time identified a LGALS3 protein network that is associated with poor outcome in AML patients, especially when the CD74 network is active. LGALS3 appears to be an upstream negative regulator of PP2A B subunit PPP2R2 family which suggests that the galectin has a role in inhibition of PP2A tumor suppressor function. In addition, we have found that CD74 may play an important role in AML cell survival, particularly in pathways involving CD44. Hopefully the data presented here will encourage the clinical development of agents to target LGALS3 and CD74 to benefit AML and other cancer patients where LGALS3 and CD74 networks are active.
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